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The phenomenon of ~)xidation of metals and alloys has been the subject of many investigations. Most of these were based on experimental examination of the oxide layer formed at the surface of the solid phase after reaction diffusion of oxygen gas. For instance, Dalvi and Coates I reviewed the r T .
.F applicability of the diffusion path concept to the high-temperature oxidation of binary alloys, starting from alloy-oxygen interface studies.
A different approach was followed by Rapp et al., 2 who reported work en displacement reactions in metal-metal oxide systems. These authors were interested in the morphologies and reaction rates of the product layers in metal-metal oxide diffusion couples, which were annealed under a *Laboratory of Physical Chemistry, University of Technology, Eindhoven, The Netherlands.
dynamic flow of argon with a known partial oxygen pressure,From considerations concerning the reaction kinetics they were able to predict the morphologies of the layers formed in the diffusion couple. Our work is based also on the interaction of a metal or binary alloy with an oxide in multiphase ternary diffusion couples. However, the couples were annealed in a closed system. We believe that this approach is more appropriate to ensure the proper oxygen equilibrium pressure at the interfaces between the various phases.
The purpose of our work was to investigate phase relations in the ternary system iron-chromium-oxygen. To this end, we determined the diffusion paths between FeO and Cr or Cr-Fe alloys and between FeCr204 and Cr or Cr-Fe alloys. Chromium and iron were chosen for this study because of their important place in the world of construction materials for high-temperature application. Similar experiments on other ternary systems are in progress. couple is illustrated. The lower-case letters relate the region in the diffusion layer structure to the appropriate composition on the ternary isotherm. In Fig. lb the diffusion path of this hypothetic couple is plotted on the isotherm of the A-B-C phase diagram. All interface structures which are thermodynamically possible in a ternary multiphase diffusion couple are mentioned in this diagram. For a given couple under conditions of chemical equilibrium the path involves a time-independent sequence of intermediate layers. The plot gives information about the order of the product layers, their morphology, and their compositions; it does not give information concerning the thicknesses of the product layers. The diffusion path approach is a very effective means for the phenomenological description of multiphase ternary diffusion. A better understanding of the course of these paths may lead to the prediction of morphology and composition of oxide scales on binary alloys. We nolle here that Rapp et al. 2 predicted morphology and composition of product layers by comparing the various diffusion fluxes in the respective layers.
DIFFUSION PATHS IN MULTIPHASE TERNARY SYSTEMS

EXPERIMENTAL PROCEDURE
As starting materials we used electrolytic iron and electrolytic chromium. The alloys were prepared in an argon-arc furnace. FeO was prepared according to Brauer 5 from Fe powder (Merck p.a.) and FezO3 powder (Merck p.a.). FeCr204 was prepared according to Whipple and Wold 6 from (NH4)2Cr207, Fe(NO3)3 9 9H20, and (NH4)2Cr204 (all Merck p.a.).
The diffusion couple technique applied in this work is illustrated in Fig.  2 . The starting materials, a sheet of metal or alloy and the oxide powder, were compressed in an iron or a stainless steel cylinder by an iron or a stainless steel ram. Under the applied pressure of 5 ton/cm 2 the cylinder and the ram were deformed, which resulted in a fully airtight enclosure of the reactants. The couples were annealed at 1200~ in an evacuated (10 -2 Torr) quartz glass capsule. After annealing, the couples were quenched to room temperature in water. After this treatment, the cylinders were sawed perpendicular to the sheet surface into two pieces. The dimensions of the cylinder and the annealing time were chosen in order to avoid an overlap of the diffusion layers of the oxide-metal interface with the diffusion layers of the oxide-stainless steel interface. From comparative experiments with a couple of Cr vs. FeO in a stainless steel cylinder and a similar couple in a pure iron cylinder it was concluded that the stainless steel had no influence on the reaction in the couple.
The surface preparation of a couple was very difficult to perform because of the differences in hardness of the successive diffusion layers. The samples were ground on silicon carbide paper and polished with diamond on a nylon cloth.
The diffusion layers between the sintered oxide and the metal or alloy were examined with a Reichert microscope (type MeF2), often using polarized light for additional identification. In some cases the specimens were etched with a solution containing 50 g FeC13 9 6H20, 20 ml HNO3, and 990 ml methanol.
The diffusion layers were analyzed with an electron probe X-ray microanalyzer (A.E.I. SEM IIA). Point measurements were carried out, and both chromium and iron pulses were counted. With these data concentration profiles were calculated using a computer program (Magic 3B, developed 'by J. W. Colby). By means of X-ray diffraction techniques the various phases in the diffusion zone of the couples were identified. Diffractograms were made using a Philips X-ray diffractometer. Pieces of a diffusion layer were removed and identified by Debye-Scherrer and Guinier powder techniques.
RESULTS
A survey of the diffusion couples investigated is given in Table I . Figure  3 shows the morphology of couple 1. In this couple the starting materials were FeO and Cr. The couple was annealed for 4.5 hr at 1200~ The photomicrograph shows that the product phases, FexCr3-xO4 and Cr203, were formed in a mainly layered arrangement. An exception is the iron formed from the reduction of FeO, which is present in the form of precipitates in the matrix of FeO. This precipitation occurred only in a small region near the interface of FeO-FexCr3_xO4. On the isothermal section of the ternary phase diagram of Fe-Cr-O (Fig. 4a) we have constructed the diffusion path corresponding to this couple. As in Fig. 1 , the lower-case letters of Fig. 3 relate the region in the diffusion layer structure to the appropriate composition on the ternary isotherm of Fig. 4a. In Fig. 4b an enlarged section is given near the FeO phase field. This clearly indicates the Fe precipitation in the starting material FeO. Similar diffusion paths were observed for samples 2, 3, and 6, which are also plotted on the ternary isotherm of Fig. 4a .
In the diffusion couples 4 and 5 extensive internal precipitation of oxide particles took place. Photomicrograph Fig. 5 shows the reaction layers in sample 4. In the alloy matrix Cr203 and FexCr3_xO4 successively precipitated. Figure 5 shows also the transition of the phases 3' to ~ in the Fe-Cr alloy. In Fig. 6 the diffusion paths inferred from couples 4 and 5 are plotted on the isothermal section of the ternary phase diagram.
All determined diffusion paths were reproducible. This means both that within one couple all the paths were the same and that different samples with the same starting materials and treatment showed no deviations from this path.
The couples mentioned in Table I were all infinite in the sense that after annealing the starting materials were still present. From samples, which were annealed for long periods and accordingly were of the finite type, information was gathered on the isothermal section of the phase diagram. However, these samples could not be used for diffusion path plotting.
DISCUSSION
The experimental diffusion couple technique (couples enclosed in a metal cylinder) has been successfully applied for the investigations of the interaction between solid metals (alloys) and oxides. Table I ).
The diffusion path concept seems to give reliable information about the 1200~ isothermal section of the phase diagram of the investigated system iron-chromium-oxygen.
Our results agree with the phase diagram developed by Pelton and Schmalzried. 7 However, in this diagram the a ~ y phase transition in the Fe-Cr alloy was not mentioned. The examination of this transition in the alloy phase, e.g., in sample 4, showed that the y phase is in equilibrium with the Cr203 phase. This was mentioned before by Whittle et al. 8 Therefore, the a phase of the alloy cannot exist in equilibrium with the spinel phase. This is not in agreement with the isotherms given by Birchenall 9 and Seybolt. 1~
Our results give an extension to the diagram developed by Pelton and Schmalzried. 7 All samples examined agree with this extended diagram. A rather interesting point in samples 1, 2, and 3 is that all diffusion paths cross the one-phase field of spinel from FeCr204 to Fel.sCr1.504. The transition of a layered morphology to a structure with internal precipitation is very interesting and is an important subject for further examination.
